Reliable design of tunnel ventilation system requires knowledge of fire-induced smoke behaviour. The critical velocity to prevent upstream smoke propagation in the event of a tunnel fire is an important parameter in the design process of a ventilation system. The current techniques for prediction of the values of the critical velocity are mainly based on semi-empirical equations. These equations are obtained from the Froude number preservation combined with available experimental data. Full-scale experimental test programs are expensive which stimulates the application of numerical simulation to these design problems. Simulated full-scale point supply ventilation system of Memorial Tunnel in USA is investigated. Three-dimensional simulation of smoke flow in the tunnel is carried out using FLUENT 6.3.The model includes component models for turbulence, fire, radiation heat transfer, and smoke production. The impact of fire size on critical velocity is investigated. The findings from the numerical simulations supported the published results of experimental test program and also the three semi-empirical correlations found in literature. This suggests that the simulation techniques can be used with confidence to predict the critical ventilation velocity for large-scale tunnels. Moreover, it recommends the point supply ventilation system as a competitive alternative for conventional longitudinal ventilation system.
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Introduction:
In the event of a road tunnel fire and due to its confining geometry, smoke generated from the fire could severely impede visibility and evacuation. Ventilation systems are crucial in the design of all road tunnels. They maintain acceptable levels of contaminants produced by vehicles during normal traffic operation (normal ventilation), and control heavy smoke in event of fire (emergency ventilation).
Mechanical ventilation systems such as longitudinal, transverse and semi -transverse ventilation systems are commonly employed. Such ventilation systems have to be designed with accuracy to control the longitudinal motion of the fire-induced smoke. Sufficient ventilation capacity is needed to prevent smoke movement upstream of the fire, that is, to prevent backlayering. This ventilation rate (average flow velocity) is often referred to as the critical velocity; V cr . Critical velocity is, therefore, the minimum ventilation velocity that is able to prevent smoke backlayering in a tunnel fire. The backlayering phenomenon is illustrated in figure (1). Ventilation requirements are specified by national codes and international standards. However, performance-based design of tunnel emergency ventilation systems can provide greater benefits than designing a system utilising a code or standard. A code compliant ventilation system design may, in some circumstances, result in the system being over sized or may not perform as expected. Therefore, designing the system on performance basis may achieve cost and design benefits. There are many theoretical and experimental studies of critical ventilation velocity in tunnel fires (refer to the review by Roh et al. [2] ).
The most commonly used methods for prediction of the values of the criti cal ventilation velocity for various fire sizes are mainly based on semi -empirical relationships obtained from Froude number preservation using some experimental data. Three widely used semi-empirical correlations will be presented briefly in the following.
The most widespread method of calculating critical velocity is that described by Kennedy et al. [3] . It is essentially a one-dimensional analysis based on the perfect gas law, and assumes steady state behaviour, negligible smoke mass generation and no heat transfer to the walls. The fire is assumed to be "wide" compared to the tunnel geometry, such that ventilating air cannot pass around the source of the fire and therefore all ventilating air acts to cool the fire. Fully mixed behaviour is assumed. This will not be the case for smaller fires and this method will therefore under-predict the critical velocity for these smaller fires. The longitudinal ventilation systems are commonly installed to prevent upstream smoke flow and offer a safe evacuation path. Point supply ventilation system is a competitive alternative especially where natural ventilation is not recommended for long tunnels in event of fire. Point supply ventilation introduces unidirectional airflow through a single opening located in the ceiling of the tunnel. There are uncertainties in the current correlations for prediction of the critical ventilation velocity for point supply ventilation. Therefore, the impact of the fire size on critical ventilation velocity of such systems warrants further investigation. Thus, point supply system has been selected here for analysis where CFD is used to assess its performance under fire conditions. This paper concerns the specification of critical velocity of point supply ventilation system. Detailed three-dimensional simulation of smoke distributions in the tunnel and the impact of changes in fire size on the critical velocity are investigated. The numerical results are validated against the data from the MTFVTP and also three semi-empirical correlations algorithms found in literature namely; Kennedy et al. 
CFD Simulation Technique
CFD simulation was used to predict the critical velocity for point supply ventilation system of the Memorial Tunnel, test case 321A of the MTFVTP, [4] . Simulations were made using a commercial CFD package FLUENT ver. 6.3 with its preprocessor GAMBIT [15] .
The physical Domain
The Memorial Tunnel has a two-lane, 853 meter long road tunnel, figure (2). It is a part of the West Virginia Turnpike near Charlestown, West Virginia, USA. The tunnel is 3.2% upgrade from south to north portal. The cross-sectional area of the tunnel is 60.4m 2 , as shown in figure ( 3), without ceiling and 36.2m 2 when the ceiling is in place. Test 321A consisted of a single point supply of air through a 28m 2 opening on the ceiling located 135m north of the fire centre line. All the standard ports and supply flues in the ceiling were closed.
Four steel pans were installed at the approximate quarter point of the tunnel (238m) from the south portal in which fuel (low sulfur No. 2 fuel oil) were burned to generate nominal HRR running from 10 MW to 100 MW. 
The Computational Domain
The length of the calculation domain was taken shorter than the length of the tunnel. In previous work [8] , it has been shown that modeling of 100m north of the point supply is sufficient to acquire all the necessary information. So, modeling more than this length isnot necessary and only increases the calculation time. In order to halve the calculation time and the memory needed, the tunnel was considered to be symmetric about its vertical longitudinal centre-line. The north portal of the tunnel was completely closed to force all the air supplied by the fan past the fire site.
The simulated tunnel was represented by a duct of length 476m long (in X direction) with rectangular cross-section of dimensions 4.2m (in Y direction) and 8.8m (in Z direction). The longitudinal grid distribution near fire source and cross-sectional grids are shown in figure (4). The inlet port (point supply opening) is 28m 2 area (4 m in X direction and 7m in Z direction centred about the plane of symmetry at 135m north the centre-line of the fire source). The exit port is the south portal of the tunnel. The fire is represented by a rectangular parallelepiped of height 1m above tunnel floor. The midsection of the parallelepiped is located at 238m from the south portal. The species equation was solved for N-1 species where N is the total number of fluid phase chemical species presented in the system. In this work, the mixture has 4 species namely, air, CO 2 , H 2 O and N 2 .
Representation of Fire
Most of the fire simulations [7, 11, 13, 17] were made without combustion models. Therefore, fire was modelled using a volumetric heat source and a source of mass and species flow corresponding to the combustion products. The fire conditions were simulated using a rectangular parallelepiped whose volume varied with the fire size. The choice of fire source volume and corresponding HRR was based on recommendations of NFPA 502, [18] and PIARC, [19] . The mass flow corresponding to the combustion products was introduced through the surfaces of the parallelepiped. The heat release rate Q  was computed from the rate of fuel consumption f m  , the heating value of the fuel H l and combustion efficiency η, as:
In the fire region, additional source terms were included in the mass continuit y, species equations and energy equations. For the continuity equation, the source term is calculated from the specified rate of fuel consumption and the stoichiometric ratio for the fuel assuming complete combustion. Thus,
where S is the stoichiometric ratio (kg of air/kg of fuel) for the fuel.
Representation of Radiation Heat Transfer
The radiative fraction approach was used. Thermal radiation in the participating medium was ignored and a fixed fraction of the total heat released in the fire was assumed to be lost to the surroundings without affecting the temperature distribution within the tunnel. The remaining energy was transported away by the fluid. Experiments on diffusion flames indicate that the radiation fraction typically lies in the range 0.2 to 0.4 [17] . Thus, the convective energy c Q was estimated by ) 1 (
where R x is the radiative fraction and taken as 0.3.
Boundary Conditions
Boundary conditions specify the flow and thermal variables on the boundaries of the physical model. Therefore, they are a critical component of CFD simulations and it is important to be specified appropriately.
There are two portals in the computational domain, the inlet flow port (point supply opening) and the tunnel exit port. Velocity inlet boundary conditions were used to define the velocity and scalar properties of the flow at inlet port. The inlet velocity ranged from 1.5 to 4 m/s. The turbulence was specified at the inlet port by turbulent intensity and hydraulic diameter. Outflow boundary condition was used to model flow exits where the details of the flow velocity and pressure were not known prior to solution of the flow problem.
Tunnel walls were set as stationary walls. The no-slip condition was imposed on the solid surfaces. Heat flux was specified on the walls to be zero. The tunnel walls material was dolomite.
The fire was set as a fluid zone from which mass and energy were released to the tunnel. The lower surface was set as wall while the other surfaces were set as interior boundary conditions to permit energy and mass sources to cross to the tunnel. The values of the source terms used to define the fire were calculated based on the HRR and the combustion equation assuming stoichometric air to fuel ratio. The mid longitudinal section of the tunnel and the rectangular parallelepiped representing the fire were set as symmetry planes.
Solution Procedures
A three dimensional, steady, implicit pressure based solver was used. The pressurevelocity coupling was calculated through the Simple scheme. Second order upwind discretization was used for momentum, kinetic energy k, energy dissipation rate ε and energy equations while first order upwind was used for species equation. Gravitational body force was included in the momentum equation, defining the buoyancy terms function of the temperature variation according to Boussinseq approach. The convergence was monitored dynamically by checking residuals. The residuals decrease to 10 -3 for all equations except the energy equation, for which the criterion is 10 -6 . Generally, 800-1200 initiations were required to obtain a suitable level of solution convergence. Figure (6) shows a sample of the residuals history with the number of iterations. The residuals history was obtained for all runs and they behaved similarly. The numerical results were obtained using PC (3.0 GHz Pentium 4), 2 GB RAM, and 120 GB hard disk. Each calculation required about 8 hours of CPU time and 40-50MB of hard disk memory.
Results
Steady-state simulations were carried out for the previously mentioned computational domain and component models with different values of longitudinal velocity in the range from 1.5 to 3 m/s and fire HRR namely 5, 10, 20 and 40 MW. The simulation was run with a selected ventilation velocity (volumetric flow rate) and the formation of the back-flow was checked. Runs were carried out until a ventilation velocity encompassed the conditions exhibiting back-flow and no back-flow along the tunnel ceiling relative to the upstream edge of the fire zone. (7) to (10) show the axial velocity against tunnel height for 5, 10, 20 and 40 MW fire size, respectively. Backlayering occurs when the axial velocity are in the positive X-direction. Critical velocities were found to be 1.6, 1.9, 2.2 and 2.5 for fire sizes of 5, 10, 20 and 40 MW, respectively. Table ( 1) is a comparison of the current CFD results, experimental results of the Memorial Tunnel and three semi-empirical correlations. The reported critical velocities in MTFVTP are little higher than the current simulation results, and this deviation is smaller than those of semi-empirical correlations. The deviation of CFD results could be accepted as it is not significant. The reason for this deviation appears to arise from the approximations made in the numerical model by ignoring the combustion and radiation models. Also, the measurement uncertainty was not given in the MTFVTP report but cannot be neglected. The plot of critical velocity based on semi-empirical correlations and those predicted as a function of HRR is shown in figure (11) . The values representing MTFVTP measurements are also shown for comparison. CFD results give better agreement with the experimental trend compared with semi-empirical correlations especially at high HRR. It is noted that these correlations are based on analyses of onedimensional or two-dimensional flows while the CFD results are based on threedimensional flow in tunnel. Moreover, these correlations do not include the fire -source geometry. The simulation results captured well the backlayering phenomenon as shown in figures (12) to (15) where CO 2 concentration contours in computational domain were plotted at different ventilation velocities. Examining these figures shows the minimum velocity at which no backlayering takes place. The demarcation line of the two regions separating back-flow and no back-flow defines the critical ventilation values. Figure (12) shows the predicted CO 2 distribution at the symmetry plane for 5 MW fire size. The numerical simulation captures the features of the backlayering, and downstream smoke flow. The predicted critical velocity is about 1.6 m/s. The CO 2 contours at the symmetry plane for 10 MW HRR is shown in figure (13). As indicated, the increase in HRR is coupled with increase in the critical velocity. The predicted critical velocity for 10 MW fire size is about 1.9m/s. Figure ( The control of smoke flow during a tunnel fire is crucial in the design of tunnel ventilation systems. Evaluation of emergency ventilation system of a tunnel can be done either experimentally or using full scale 3-D numerical simulation, where the critical velocity is taken as a sole parameter to assess the performance of ventilation system. In literature there are many correlations for estimation of longitudinal ventilation critical velocity based on Froude number preservation combining with available experimental data. The main purpose of this paper was to use CFD technique to simulate the smoke flow and predict the critical velocity of point supply ventilation system for full-scale road tunnel. CFD code, FLUENT 6.3, was employed to predict the smoke flow under different sizes of tunnel fires. The results of critical velocity were compared with existing point supply experimental results and semiempirical correlations of longitudinal ventilation critical velocity. The agreement with these results and the CFD results was fair. The following observations were made:

The present correlations of critical velocity for longitudinal ventilation are valid for point supply ventilation system due to similar developed flow field.
The point supply ventilation system, even it is of simpler configuration, attained a similar critical velocity as longitudinal ventilation system.  CFD predicts well the backlayering phenomenon for different fire sizes of road tunnel.  CFD is very useful tool in both design-phase and design validation phase. It provides cost benefits by ignoring the costly safety margins needed to compensate the uncertainty in critical velocity values predicted by current empirical correlations.
